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Longitudinal Elongation of Slender Reinforced Concrete Beams
Subjected to Cyclic Loading

Tae-Sung Eom" and Hong-Gun Park”*
"Dept. of Architecture, Catholic University of Daegu, Kyeongsan 712-702, Korea

2)Dept. of Architecture, Seoul National University, Seoul 151-742, Korea

ABSTRACT Longitudinal elongation develops in reinforced concrete beams that exhibit flexural yielding during cyclic loading.
The longitudinal elongation can decrease the shear strength and deformation capacity of the beams. In the present study, nonlinear
truss model analysis was performed to study the elongation mechanism of reinforced concrete beams. The results showed that resid-
ual tensile plastic strain of the longitudinal reinforcing bar in the plastic hinge is the primary factor causing the member elongation,
and that the shear-force transfer mechanism of diagonal concrete struts has a substantial effect on the magnitude of the elongation.
Based on the analysis results, a simplified method for evaluating member elongation was developed. The proposed method was

applied to test specimens with various design parameters and loading conditions.

Keywords : longitudinal elongation, beam growth, cyclic loading, truss model, reinforced concrete
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Fig. 1 Longitudinal elongation of reinforced concrete members
subjected to cyclic loading
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Fig. 2 Investigation on cyclic behavior of reinforced concrete beam specimen BAS5
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Fig. 3 Mechanism of longitudinal elongation of reinforced concrete member subjected to cyclic loading

(Fig. 3(a)2] OB17h). &= = wwE Ajstd = vl
3 EE ZAFALAAHGYe] Jako g olsle] Zo|ursk o1k
Ho] Frtx oz WAET (Fig. 3(a)2] BB'T-7H). Fig.
2(d)°ﬂ L}g}\;ﬂ_ o] o8 AEL o83t do]Hrek oA
Yo FAL 2 RoFen, QIR olFe A
Bold B9l gedel YuUE fun qong ¢
S7E o ol 7¢] WATA Fom, wet
5 Bz g 2olg FAje) Aol A%
Wgo] A&He

ﬂ
¢

°.7
o

o_>|: HN'

=
=

s
I o=
FaEiA=

F” oBL

w
W
o
0z
o
[0
0t
e
09k
lo
o
N

N
o
ol
o%
o
o
E
ot

o of
N
L
it
o
)
e
o
b
1,

o

do
o
2
td
il
B
o,
'L
ofk
B
oX
ol
N

o G ME @
Fig. 4(a)=
g E 2EFH DCQ]- val
Egjs RYS HolE 19

Ly 2 Les A9 28240
My oR st 37175 Yy 2
ATHFig. 2d) F2). EF 2 24MFo)
AdeE Adzo] RE At
stz Astel Aels ekl 4
AP ¥ o

¢
ﬂ‘j o5
o, B
1m 09{.1
s
D
oX,
ot
A
Ll
=
N
N
ok
ol

£
17
O
o
it

oflt ol
N
o

&mmm

o o O
[

r 2
ooy M e fo 1

o O M N X ooX Ry o i -

0% (o
2
o

(T

i K

Lo

oft L ok

e
rl
o
B
o
i
o

é
/ —1 | Elastic “(_),\- \‘
7 [ Region v v
A

s A’

Tension Compression

Plastic .
Hinge A-A Section

Region

(a) Analysis model

Fig. 4 Evaluation of longitudinal elongation

788 | = AR E5tS

=27%| M20A 65 (2008)

g APl vHE=
Fig. 4(b)= At 2%

Ao MEPFE Ve
FAe] AN A5 28R FAF a0 A AH
@ Ap 2B BRG] FHY 4,0 FF 2o
A=A+ Ayt Ag (1)
izt FA2EXEZ De(Fig. 40)2) AEHIFES & (<
0= golshd, M3 AFzAe 2 Y T 4E W)
ofof gt
, l,
~A,sina+g,l,cosa = 8C(COS 0) (2a)

71M g=AdeoWF H28 % Lo AAMIE, [=2
B3R ] Aol, q=t7 FIAYE 2EZQ ot}
243179 el L g W] 93-S v o
WO R 0.75d<l,<d° WSl EAGTEY B ATl
T FE AL PAE e steg, g a3
g 24%A9 el |,

0
o
3
o
=
]
1%]
@,
o
=]
N
’

F‘l’ FJ'\F

(c) Member forces

(b) Displacements



ERpN: (2b)

2% FAe] dolwtdf AGHYE g2 Fio

AoltdF 84 Lt Le HEEQ H+olt (Fig. 4(b)).
&t &,

&= = 3)

9, (Fig. 4b)°l I8 ggagelel
= thed 2

4= 011, = B - o)

4 (% o183l 4 (RRE o4& L% 47
skl chesf ek
_[2(g-¢.)!

A, = [_-—T-J_’J(l _1) (4b)

s P
s

2] (2c)-‘3r (4b)E 2 A) (l)oﬂ st A, dojwt

F AR E g2 HAolWF U522 Lol HRE &
o 4= Hodh
(At_Aef)hs ( Zp)
=97 "4 R

€ 21S1p e 1 2[3 (5)

Aeokes we Addy 1o &y A2 A=,
(I-1,y /302 ARG 5 Ak of7)q Fude] v o
W] FEIEL ¢ =17g/hZ BT 5 Ak h=n
wo] zlo] (Fig. 3(a), g=4doWd o] IFHHY
Eolth.

Aol hFax Leol MIE g2 FA9 H4%
Fxde AHEste] vt 3ol 7T Fig 4o &
BRA Gl Agete WHe RolFed, d2 2w
Eo] HgzAol osto] thi A& wEsteiof It

Az 8E Fpsina+ V=0 (6)

7\—:'1_01 Ho]—ﬁg: FDSina+Fc+ FT:() (7)

%E@E Vls:FThs (8)

AZNA Fr, Fo=27F Aold% 9388 Lok ¢5Has
Lcol W8, Fp=tiz 2E3 Dol vl g o] thFig. 4(c)).

2 (07 ®)= AFEstel A (DlA FpE SR

h /
Fo= FT(I—Scota— 1) = —FT(I —li’) )

ANE Frob Lo
a3t} (Fig. 2(d)). wEkA]
(9)9] Y¥HS A=HEZ Lo dd 4 07 1o
olufgko 7 wjx® A9 %Eﬂﬂﬂﬂ*‘OE oA &
ATH

o=l ) 1-F) (BP0

Ky N

Hy o 1> e ot B

A7IN oy=Frl Ay, on(=Fcl4,')=
= B2 39, 4, 4, =AW

o] 93 (Fig. 4(a)), =32 ?‘{}%701%0
Fig. 5 WHEAR1 A5 Ass

F5EZ Ll 88 o (<05 MBE 59 WAE Hol
th B Ao 7HHE AAS 9ol Fig 59 7

o] A9 AetAFS 348 FA (tri-linear curve)oE

7rergtete g tieshe .8 ok
&, = sl(l + 77%) -¢ (11
¥

d71M p=Hao A A EFHE AH o=z YERY
d AT E 2AH LR 06
& HZa s Lot AAe] mi
3 oM E o]Ho|t}
FEo| FE3] TAHE AvE
o]

2g 8t F Aol A3t

2 (10225 A%E g7 Rt e A9de
Aoy opyel 2AYE T3 EWY Fo (Fig 4(0)

—— Actual unloading
behavior due to
Bauschinger

effect
O= Ideali
< ¢ == Idealized tri-linear
4] ® <’ curve

Fig. 5 Cyclic stress-strain relationship of reinforcing bars

FI|otEe the MEE HZZ32|E 29| Zo|gEr I&HE | 789



of Agstoiol sttt FABEV FE5HS 35| 9 = FAY FA A HYE-YHY AAE HoFoh &
X tdo] B0k R, g.< A0l g,=05 # Hol 22 FHZo] S W A (U Alsh 4,=4,,
&3}, A =4, FAC] Hoed JAFHHFE (Fig. 6(b))> TF
Zosr AP E g ZH2E 4] (10034 (1H)EHH =3 o] ettt (ZAE 29 fFEA2 FF B
Aoy HZ8 4 Lo §9 g8 "B E g5 8k, e TH.
o]5S 2 (5 tYgsted Feh 1¥ v 4 )=
FE dolisr A2 84 Lol JAHIE g5 AMS A, =Ag,, A=A, (4,>4,) and o), >, 2 A5
. FUEES we FAe Ashiddd wel o ¢
o= wr= Zo|ulak g A o o _ A=Ak, 2+(1+ 721 by 1 i
AE5S e dolWdF 84 Lot Lt v EE, Lpd & = 577 77;;‘ 7)1\ ar 2!
AFHHE g FwkE=E SLEF AYst Aol ZelA L o Y ’ ’ 13
o Hu A HIE ol g (& (11)2 AREHT} 9]
7}o Sk H} &k © MAE Ko
o el Astest vl ow}i} e °L°}ﬁ o= ﬁ] 4 (12) 2 (13} g,2+,2 ﬁo% }zqs}oq 7
2ttt (RS g A S FECA o AEHTH. 2

FA QAW oItk WeF g, <, BolE =0

(5), (10), (1Y AHg-3te] Fale] Aol Ay s e
G Fa) AL AT i A Ay £ ZE TV aaseks ¥ 4 a3e3ed
‘ A | 457 geth weq 4 HRTVE g T 2
Mo uEstelo} gtk aevt Fig. 6ol vhebd uh
S} zo] whe] Fekio] BAT o] WAE (U= 4,)
B} _ ot 0. <, A%
FAT 2719 - ¥ P FAY 24904 FIASS o=y
nas) Wl Ao, BAle] dolwd MR - A
ol A% g2 FRPAL gep AFHoR FgH Aol & =~ (14)
WF AYULE ¢ Fig 6() Th&d 2ok (Lol .
QWY FUFE ook AEH FUUS 1S :
Aoﬁ’ ;;E]})T 5= el st e 2 4 (12)~(14)= Fig. 64 o] ©e] HArj P
F 44914 FA1AFC] ASH oz wEHE PAe 2
ol AR EE Fole Welth e Fig, 7ol
— g _f o] AL
A=A and o2, C BT Uehd vhel o] ofe] e Fugeld wAdes
7 AF0] MEEE Aol 4 (12148 48T 5
A aph( 0% (1 L), 21tk Fig. 79] vbeRd uhot o] zk MREA 4, % 4,
Ll 27, 21" g2y O FAPIER) Rael waEn, 2 wgass) 2
&
: 1 (1+ 0% 1- ) THQ FA AAULE 4 % aE 2 o IR
A Asteldzt wAglel 27t AuA ) FUY 48 4,5 A

&3t 2 (12)~(142FE ALtdh ol £5A9 B
dHRH o 2 (12 WA Astolg e z2te H2F A S E AT
AYE FAlo] AE 7P|, A - 5 ko] 3w R % Hhe ASFIYE FA9 A Aol
= o
= o

sk o

il
+

e
aa
o
=)
=
N
rr
e
2
o,
o
==
rH
o
=

T ey
T e

t Inpositive loading, IS

T A=A,and A/ = A,
£ Eq. (13) |
(Cyclic loading)

? Eq. (14) In negative loading, P Eq (14)
./ (Monotonic loading) 4, = 4;,and ‘Af =4, v _(Monotonic loading)

w
T
Lateral
displacement

w
T
Lateral

£ Eq. (12)
‘ (Cyclic loading)

Longitudinal Strain (%)
N
15
Longitudinal Strain (%)
N

-

-30 20 -10 0 10 20 30 -30 20 -10 0 10 20 30
Transverse Displacement (mm) Transverse Displacement (mm)
(a) Symmetric reinforcement arrangement (b) Asymmetric reinforcement arrangement

Fig. 6 Longitudinal elongation of reinforced concrete members subjected to repeated cyclic loading at a specific transverse displacement

790 | R A2 E5S

=27%| M20A 65 (2008)



2 A, A,
~ _5
E sEAN L
E3 E L | |Load cycle
c 2
% h 7A;| 7A/z
c
52 -7
w j
E A, ¢ Eq.(12)
o
21 g 7
2
3 £, Eq. (12)
An J[ 1/
0 : i
-30 -20 -10 0 10 20 30

Transverse Displacement (mm)
(a) Symmetric reinforcement arrangement

Longitudinal Elongation (mm)

w
T
Lateral
displacement

A, A,

L

1 Load cycle
Ay A,

(2 L Inpositive loading,
A =A,and A= 4,

N
>

i Ay, > A,
Eq. (13) &), & AN .

| 7
In negative loading, ® S

A,=4,and 4 = 4, £, Eq. (14

0 P2 V2 .Tg" v,

-30 -20 -10 0 10 20 30
Transverse Displacement (mm)

(b) Asymmetric reinforcement arrangement

-

Fig. 7 Longitudinal elongation of reinforced concrete members subjected to repeated cyclic loading at various transverse

displacements

4.4 =
ARrE Aolwrak JIHAY HrEA e HFS flste]
Muguruma et al.,” Kinugasa and Nomura” 5¢] ®HA3H
Azt Blaskgit.
Muguruma et al.”¢] AZR AFA A 2 FAEA
< Fig. 2(@)°ll YeRt Aok & 12709 AFA}T BE
Aoy, 2 AIdAM e dAdH o] FE3| wid

BA4-BA6, BA10-BA12 5 o/l9] A&AE 2. 4
A= A7d7)7} 2,001, DHA7]E= 200 mm % 300 mm
o] grtio] 6D132] Aol Ztz wiA = Ak HA
29 FEYPEE £,=399.5MPaol X, ZAIE UFYE
E f4=293 (BA4, BAS5, BAG6), 43.4MPa (BAl0, BAII,
BAI2)o|th B AA S| £AJ71A] o] = @i f&
% d (=262 mm)E A&

Fig. 82 A3 % Altd WHoz 3k &4
9] 7210]130}& o] A}

F <l

]

Al

AHRAE gt FWS AAE vast
Hojzh doek IgHEFELS 4] (5), (10), (1ol ¢
Sk =214 AP (sequential method)t 4] (12)0]] <] gk
2174491 W (direct method)S AHE-3le] o S35 T

T
o & x

E o} ¢

i

Fig. 9 Kinugasa and Nomura'”¢] A €@ 8ol o3k
ASANE HAFE. A5 AHE AdAE
KNS, KN9 5 67folH, RE AdAE U3 J4 &
GHEAS Zhet AAle A9 7 2,508,
7] 200 mm x 200 mme] 3L el 4D13 2 2D10¢] 3
o] WA= At AFAFTE AR 72 AFA ] A3}
o2 Fig. 9 YRl 8320 JEAEE f=4157MPa
o, ZAYE UFAEE £,=265 (KN8), 27.5 (KN4,
KN3), 284 (KN2, KN9), 294 MPa (KN3)o|th. B A&7 <]
2443A e Aol [[Z 9o F8F d (=170 mm)S At
83k

Fig. 9% AIte Wiz Aoz He 3 do|ydk
NAHAE S vlwsl] HolFEr), Acky Whae A
slo]go] g AZFATE 3
S M A oStk el et vlel 7ol
KN2, KN3, KN4= 7+t A4,=20, 30, 40 (mm)<] ®

Longitudinal strain (%)

BA6

9 p, =0.4%

Transverse displacement (mm)

20 40 -40 -20 0 20 40
Transverse displacement (mm)

| Direct method
-4 | 1 Sequential method

— Test

p, =0.4% BA12 P, =03%

Longit‘l,ldinAa‘I‘Eanggt‘ion (mm)

(BA4ell thate] AoldF JIGHIES Fote AAE
5 5
€4 g4
£ £
4 c
73 % 3
Ei E
5 2 5 2
2 2
=S £
gt gt
0 0
-40 -20 0 20 40 -40 -20
Transverse displacement (mm)
5 5
g 4 g 4
c £
£ s
£3 % 3
g g
3’ 3’
€1 g1
= = | BA11
0 0
-40 -20 0 20 40 -40 -20

Transverse displacement (mm)

0
Transverse displacement (mm)

0
20 40 -40 -20 0 20 40
Transverse Displacement (mm)

Fig. 8 Verification of the proposed method for slender coupling beams (Muguruma et al. 1988)

FI|stse e MEE =

ry

Z3Z|E 2of Zo[HEk QIFHY | 791



p, =0.75% P
4D13+2D10 T5 :
(\\ 200 L g /\/\NV\
300 KT 2
T [ 500 g KN2 KN3 KN4
1 ) 425 &
200| 140 |[o¥ o S
v | E
v___ 5
307 ; :
A-A Section Specimen e :
P KN5 KNS - KN9
Load cycle Load cycle Load cycle
9 9 9
— B Direct method —_ — A L]
S ) S
& O Sequential method e S e
£ £ £ [w]
© 6 | — Test © 6 © 6
k7 ® @
] ® w
£ £ £
23 23 EE
s} =) =)
§ § 5
= KN2 - KN3 - KN4
0 0 0
-50 -25 0 25 50 -50 -25 0 25 50 -50 -25 0 25 50
Transverse displacement (mm) Transverse displacement (mm) Transverse displacement (mm)
9 9 9
g 6 % 6 % 6 n n
3 B R
g g a g
23 EE Q 23
g =4 ] £
S s <
- KN5 = KN8 - KN9
0 0 0
-50 -25 0 25 50 -50 -25 0 25 50 -50 -25 0 25 50

Transverse displacement (mm)

Fig. 9 Verification of the proposed method for cantilever beams (Kinugasa and

oA F7175S Faks] wHEARl ARl Ak
M el m Aol JIgHEES] WaE &
Z3ich. 22 KN4e] 739 HIeA
of AUAA 71 A WA At o] Fell F
sh7h A E e, ol QI F717F
& QARG ES T A fldh 1 A3 4
(10), (1) olg3h= &4l ALY
Aol WAy e Ao <l
=St o, A (12)9] 98 H
49 AaEn o 2

i
[o

ol
1o r

o, B
of\
2
ro
i,
o
ol
gt
‘0
o}
E

_8,79,,‘ rlo
o
r?ﬂfg
N
E
Tr‘olﬂ
© o
o o
I,
&
ﬂﬁlmisi_\‘ld
o o
[\ lu
Mg
£
i .o
i
i)
i)
o 1 & m & oo o oft & r

b
s
2
1o
iy
o
ok
o2
o
o
E
ol
oo M
rlo
)
=1
Y
o
I < )
o}

0 mm7}A|
o]F xRt} 2k JWFPoX F7|AFo] HHEEHG S

o] AL gt wekA
A ste] FA] Adojwar 4w
< A3 dSstaod, A (12)0 o A
ek QMY E(A4,=30mm)S A AR

Lo MU Ey (= ook I rr oM Ok o mu N
L)
P
)
N,

Pl dekd=
s t}. Muguruma et
ol gk HASA BA2

o
H
i
I
ALl
[m
o
ton
i
Ho
i}

Transverse displacement (mm)

Transverse displacement (mm)

Nomura 1994)

W (12))°0] & 27% B ek A2 e

ColE AkE o] RO Qlste] AT o] A

F7HEBR AR A FFPl ok Aol

A=) wZelnh. wEha] debE o] FEA

Ao s AdE HHS AT
o] HEHog oZdHr)

oft
o



7
FEZo 2 E A 2dHPEO

AA R, F7]A5o] WHEHof| uj}

2) 7] o]m‘k

)

g 4 ¥
) ol
2 1o

N
ol
oL i uE

o o
i
rr
i
o
ol
o2
ro
o
E
ofh
o
o|\
N
)
ol
)
X

Y

N B
0.

(UL

X

2

>,
_{

~N

N

offl

o

d

o

ol

=

__?_
E’l’

3) g H
%

A,

N
o,
ok oY,
o% o
o
o

E
o

rlo
o

=

ay)
-y
lo
2
_O|L
o

)
=

d

4) TrFsk Asteld S zhe B AFA ] st
i=2e]
==

A 2
2

b
jay T
Z o L
o)
oX
¢
ol it
o
u
rO
o
2
O
k1
D)

_O|L
N
e

>
i)

rr
[ O AL
e >
r};‘ o2
k)
X
o,
L
NG
R
o
32
Au)
)
rEI
(0 TR N S IO .

o
Q,
-
=2
x
Y
P =)
k]
it
I
o
ok
o
-0,
o)
E
oflt
ol
N
)
>,

T
i
i
rl
rf
iy
)
m e

_0|L
18 of\
(% 12 o

oflt
off

e
o
o
e
ojp
il
o 24 H1 Hob

3
Ay
ol
ok,
rir
L.
Lot
1> oo
%9, )
)
o
E 4y
ok
N
=2
>,
lo
=l
e
1 o

bz
2

do x4y
o
P
o
o [
)
avy
e
u)

i)
ol
i
z
N
N

Iz al

O
=y
ay)
o
oo
)
N
»

42 o

2
s
ks
fr
e
o)
oft ofy
ro 01?‘
It
o,
o+ 3o
i
r
o !
=
5
fr
X,
A’

2,
%
ofth
ol
o
o%
o
o
N
2
o
R 15

7 B e,

It
El
Ao
ror

1. Paulay, T., “Seismic Design of Concrete Structures: The
Present Needs of Societies,” Proceedings of 11" World Con-
ference on Earthquake Engineering, Paper No. 2001, Acap-
ulco, Mexico, 1996.

2. Kim, J., Stanton, J., and MacRae, G, “Effect of Beam Growth
on Reinforced Concrete Frames,” Journal of Structural Engi-
neering, ASCE, Vol. 130, No. 9, 2004, pp. 1333~1342

3. Kabeyasawa, T., Sanada, Y., and Maeda, M., “Effect of
Beam Axial Deformation on Column Shear in Reinforced
Concrete Frames,” Proceedings of 12" World Conference on
Earthquake Engineering, Paper No. 1017, Auckland, New
Zealand, 2000.

4. Lee, J. and Watanabe, F., “Shear Deterioration of Reinforced
Concrete Beams Subjected to Reversed Cyclic Loading,” ACI
Structural Journal, Vol. 100, No. 4, 2003, pp. 480~489.

5. Brown, R. H. and Jirsa, J. O., “Shear Transfer of Reinforced
Concrete Beams under Reversed Loading,” ACI Special
Publication 42-16, 1971, pp. 347~357.

6. T. Paulay, M. J. N. Priestley, Seismic Design of Reinforced
Concrete and Masonry Buildings, John Wiley and Sons,
Inc, 1992.

7. Fenwick, R. and Davidson, B., “Elongation in Ductile Seis-
mic Resistant Reinforced Concrete Frames,” Proceedings of
Tom Paulay Symposium, Farmington Hills, Michigan, Amer-
ican Concrete Institute., SP 157-7, 1995, pp. 143-170.

8. Park, H. and Eom, T, “Truss Model for Nonlinear Analysis
of Reinforced Concrete Members Subject to Cyclic Load-
ing”, Journal of Structural Engineering, ASCE, Vol. 138,
No. 10, 2007, pp. 1351~1363

9. Muguruma, H., Watanabe, F., et al., “Study on Shear Design
of RC Beams Subjected to Combined Bending and Shear:
Partl and Part2,” Summaries of Technical Papers of Annual
Meeting of Architectural Institute of Japan, 1988, pp. 183~
186 (In Japanese).

10. Park, H. and Eom, T., “A Simplified Method for Estimating
the Amount of Energy Dissipated by Flexure-Dominated
Reinforced Concrete Members for Moderate Cyclic Defor-
mations,” Earthquake Spectra, Vol. 22 No. 2, 2006, pp. 459~
490.

11. Priestley, M. J. N., “Performance Based Seismic Design,”
Proceedings of the 12" World Conference on Earthquake Engi-
neering, Auckland, New Zealand, 2000.

12. Kinugasa, H. and Nomura, S., “Failure Mechanism Under
Reversed Cyclic Loading after Flexural Yielding,” Concrete
Research and Technology, Japanese Concrete Institute, Vol. 5,
No. 2, 1994, pp. 21~32. (In Japanese).

2 % FYE olF IS W FIRAYE FANAE Lolgael gl WAL olee Qo
NP e A2EAYE nel A P WIFEL AL £ Aok B dPelAE MaY 2gs 2 A4 Sat
of AEEIALE B BYHE Fo|PF APNIY] WAUZS BAAE 1 Ak, Fo$F ABUP L 249A
oxe] ol o] WAHE AR A% 2AMPOR sk WARI, U7 2AYE 2E AuY AT 1)
Azel Qolga dAude] Ao Fod T MAE Ao Uehdth oleld $HARE EUE FA% 5
o BEEAYE wo| TAHE olRF AGWIL WY F Ab B9d B Adstarh, At wge o
Fe AAMSF L AstelP L 2 B AR H AT

HAE0 - 2018 AFEY, HUY, F)I0t5, EYAZR, BZEJUE

FI|otEe te MEE HBE2E32|E 22| Zo|Het oMM | 793



FEA HE o tHHEIZHME 2= Ho| 75
Zo| ek 2 EH

02t

Fig. 6()= W3 FWE 4004 F71A5S iy
T A2TAE FA BdEE ot A3
-9 WAE HATrh miA AsE Aol E7hA] e

e Aoldd dAWFES ot AFEE Le
DD Lo B ES A (@) (@) (@), 2% B
& n DA A3} Aol S ol A]

wa - mju ok

( t Aef)hs [
(&), = (&), 157 (A1)
! 21, ! ( 21)

(A= Ah l,
(&)1 = —577— (&), 1| - 57 (A2)
Vn+1 210, ! 1( 213)

2 G)e2HE (a),& THEI ol UErd £ 9

(g/c)n = 2(81)71 - (glt)n (A3)
21 (A3)E A (ADC tHY B ()0 Hst] =W ot
=3 72t}
2(1,-1,) (A=A ph
(&), = IR 1)( /),ﬁm (A4)

idew wizd g E g (A (10)7} —fET 2
22, 4 (IDEWH (g),+ 2 e 2o

(&e)ps1 = 51(1 + ’7%) —§ = (glt)n(l + ’7%) —&
(AS)

2 (ADE A (A5l tidsted AEd v, 24 (A2)
W

2 (A6yE AolWF g FECl Uehi= E9 A
shozA Ak (g), 2 ted ATh

(&), = fA)+ B [(&),~f(4)] (A7)
3714

794 | stRE 8|8t

=27%| M20A 65 (2008)

(4,—A,)h, ) /
) 0 )

E{FARS

(121

(A8)

F7N7Ee] v FHY 24004 T3
Ar 10 2o Foum A (A7) Aold U4
< A (A9 )R FEIT (A (A9 fd)=
(12)%F 5LEE grolth.

2 (A8 o] W'Y WEANA F7]7%0] Wk
e AFo= H8ol 7hesith Fig. 7)o Webd wt
of Zrol £4, B 24,(4, < AN F717AE 0] FAA L
2 9HEEE A 2 ADENE 7 Hd aAelA HE
Aoz e Aol IAUIE g H g TS

2,
(en), = fA0)+ B [(en), ~AA)] (A10)

(&), = f4)+ B [(&), ~AA)] (A1)

21 (A10)Z (AL1)OlA A8t Ato]E Sl po] 2o,
FA Aoy AFHIE (g1), 2 (e 1 (@)
(), f5 AlstolE WESe] Qge =A v 27
U F71AFe] 733 wEEo] o] AW, g o] 00
Hug Asteld WS Qko] ARt wabd 7}
HEgA ol HEHoz TAY oy AW
g 2 e A (Al0)F AIDNERH e o] 78
=1

il

il

g1 = f(44), €,=f4,) (A12)

21 (A12)y= 7 A A oA °1 HEA doldgF A%

U 2 A E 2 2|
=X 20| UrE QIR Y

Fig. 6(b)= VIt SRu|2dAE zhe B A9
Aol QUG ES et pA A

wAe] A AT At dhEs deral 7HEsal (3
BF A, A=4,, 4, =4p), °1HF

(10l e 5] 38 o7t -

A B4R st FAe] Aol JIgMEES 7ot
AT (g0),=0 ©|BR, THAC] 2 AT 4,7 A5
e A AsE AelZelA (g), R (a),H 271= A
ZF 2 (ADF (A3 ZHE ot



( t_Aef)hs
(&), 371, (A13)
(e, = L (Al4)
s'p

2] (A13)2 T o
W A FAC] Aol AFAFERA A (149
2t} (Fig. 6(b)).

(n+1) WA Alo]Zole e Atz vio] &
Aol & 4,0 ¢FHE Wth A (10024 H ﬂlLL
o /b fET AA S, (&) 18 71 2 (AlDHE
/'\‘]l (AS)Oﬂ \'41%‘3}0% (Elc)n+1pa‘ ?‘_@'E}

A=A, )h o]
(&1c)per = g""t""l"'l"ff')"-(lJ”? h)—g (A15)
stp

= A 0-B s

s'p N
(A16)
2 (A16)2 A/ >4, B 0,2, A5l FAfel &
AEe doddk JAGAFERA 279 2 (13)7 Y
i

HEA, (n+ DRA AbelE (FHEF AlshellA] A (10082
J—?_Ei A]}‘\l‘% 0767}- _f)‘;—ﬂ—ﬁ]— Z‘}D}%’ (glc)n-%—lzo O]Ei }‘\—l]
(ADZHH ()41 T2 2t

(A,—A,)h,
(glt)nJr] = d ll f (A17)
stp

2 (A1 A/ > AR oy, <, Aol TRl 2Ay
5= Zolulek olﬂtﬂ?ﬂ EEA 2] 4 (149 FLsitt.

2] (A16)F (A17)0l] €3 Fa) Aol =
Astelgell AAgle] FHF 42 FFUE L=tk
24 Fig. 7(b)oll WreRd vke} o] F71A50] o ¥
FeAClA dojutzts, ofd @A) AstolHe A
o] ZF SAGA L] HFEA Ao 3
SAle] W A7) oste] A=

SC: BA42| Zio|Le AIHHYFE Atk

BA4 AdA|e] P4 2 T2 dA= Fig. 2(a) U
Bt BAS ARAAI9 sYatth. dolwd) A E H
7Fe A e vt Ak £,=399.5MPa, g,=0.002,
AS=AS’=796mm2, h=300nm, A,=225mm, d=263 mm,
I(=d)=263mm, [,=600mm, P=0kN, 7=06. F3 4
F99 WY 4.8 B2 4E8Y g e 2k

_|

N
_O'I_
ol
mjo
ez
rir
x
o
<
2
i
r

2

(=L 175(,-1)?

A= =
of 3 h 3

_ 1.7x0.002 x (600 —263)% _

37300 0.43 mm

B A, L, p( Z)
o= HE0 P B3

- _2_6§)=_

399.5 x (1 500 225 MPa

AN 47,95, 142, 18.8, 23.6 mm SO 2 FHF

Es‘ Nlo

FHAIZeR, 7F FAFeA 38] w7 s 4.7
o= 719 i 97152 %07111 kOEZ 95mm

& Brtatelh

W 7%]*“%1]

1) 3L A3 4,=9.5mm
Z7IA SOl ER g, = 0]t} whebA]

hy !
&= (4,-4, )2” +é (1_5';-)

_(9.50-0.43) x 225
2x 600 x 263

= 0.0065 (472t =0.0076)
g, = 28,—€;, = 2x0.00646 -0 = 0.0130 (Eq. (3))

(2) ¥ A3t 4,=9.5mm

Astako]l v BER, ol AjstdANA AFAZ
o] M¥E g7/t & AsAAA HFHZ Lol ol
AHPE o] go] "o} =, 5=0.013. 2|ZFH g, g,

& 5 The s 2o

g, = & (1 + 770-’”) £
le — €l - )
fy Y
~0.013 x (1 0.6 ﬁ) 0.002 = 0.0066
3995

o = (9.50-0.43) x 225
! 2x 600 x 263

263 ) — A&H7F =
—55) = 00116 (A =0.0109)

+0.0066 x (1 -

£, = 2x0.0116—0.0066 = 0.0166

3) LI A 4,=9.5mm
£=0.0166°] 22 T}S-3} 7+o] AALHETH

225 )—0.002 ~ 0.0090

&, = 0.0166 x (1 ~0.6
3995

ZI2|E Ho| Zlo|gfek oIFHY | 795



_ (9.50-0.43) x 225
! 2% 600 x 263

seag) = 00135 (A =0.0114)

+0.0090 x (1 -

&, = 2x0.0135-0.0090 = 0.0180

ol9} 7o AXE wEsle] 7F WEWA 2 A §Ao)
Zo| A TAE 5 A4S Table Al 2Th

A, 7t WPEANA HEH o2 S Ho| Zo

HIEL 2 (12)F olgdle APAHeR

Jom, 2 A3E Table Alol]l YEFTE

il
o

N

o o |

uy)

e

ks

?_

ol o2
Wl

s
il
2=
T

3

796 | st==32|E5tE

=27%| M20A 65 (2008)

Table A1

Load A, Sequential method Direct Test

cycle method

no. (mm) oD e &) P B

e It 1 1 1

1 9.5 | 0.000” | 0.0130 | 0.0065 0.0076
2 -9.5 | 0.0066 | 0.0167 | 0.0116 0.0109
3 9.5 | 0.0090 | 0.0180 | 0.0135 0.0114
4 -9.5 | 0.0100 | 0.0186 | 0.0143 0.0129
5 9.5 1 0.0103 | 0.0187 | 0.0145 | 0.0146 | 0.0124
6 -9.5 | 0.0104 | 0.0188 | 0.0146 | 0.0146 | 0.0135
7 14.2 | 0.0105 | 0.0256 | 0.0180 0.0167
8 —14.2 | 0.0149 | 0.0281 | 0.0215 0.0212
9 14.2 | 0.0166 | 0.0290 | 0.0228 0.0220
10 | —14.2 | 0.0172 | 0.0294 | 0.0233 0.0240
11 14.2 | 0.0174 | 0.0295 | 0.0235 | 0.0235 | 0.0233
12 | —14.2 | 0.0175 | 0.0295 | 0.0235 | 0.0235 | 0.0250
13 18.8 | 0.0176 | 0.0361 | 0.0268 0.0276
14 | —18.8 | 0.0219 | 0.0386 | 0.0303 0.0319
15 18.8 | 0.0236 | 0.0395 | 0.0315 0.0322
16 | —18.8 | 0.0242 | 0.0398 | 0.0320 0.0337
17 18.8 | 0.0244 | 0.0400 | 0.0322 | 0.0322 | 0.0332
18 | —18.8 | 0.0245 | 0.0400 | 0.0322 | 0.0322 | 0.0341
19 23.6 | 0.0245 | 0.0469 | 0.0357 0.0364
20 | —23.6 | 0.0291 | 0.0494 | 0.0393 0.0389
21 23.6 | 0.0308 | 0.0504 | 0.0406 0.0390
22 | =23.6 | 0.0314 | 0.0508 | 0.0411 0.0393
23 23.6 | 0.0316 | 0.0509 | 0.0413 | 0.0413 | 0.0389
24 | —23.6 | 0.0317 | 0.0509 | 0.0413 | 0.0413 | 0.0385
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